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Increased processing power of personal computers has enabled their use as real-time
virtual musical instruments. In this thesis, such a software sound synthesizer is designed
and implemented, with the main objective being in the development of a composite
synthesis architecture comprising several elementary synthesis techniques.
First, a survey of sound synthesis, effects processing and modulation techniques was
conducted, followed by an investigation to some existing implementations in hardware
and software platforms. Next, a formal object-oriented design methodology was applied
to capture the requirements of the implementation, and an architectural design phase was
carried out to ensure that the requirements were fulfilled. Thereafter, the actual
implementation work was divided between the reusable application framework library
and the extended implementation packages. Finally, evaluation of the results was made in
form of sound and source code analysis.
As a conclusion, the composite synthesis architecture was found to be relatively intuitive
and realizable. The generic object-oriented design methodology applied appeared to be
well suited to the design of sound synthesis systems in general, but was considered to be
too laborious to follow in every detail. The implementation work benefitted from the
properly done design phase, however. The relative amount of man machine interface code
compared to other subsystems was still surprisingly large. The timbral dimension of the
realizable sound palette appeared to be quite wide, and the quality of the audio output was
comparable, or even better than that of the existing implementations.
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Henkilökohtaisten tietokoneiden käyttö tosiaikaisina soitinsovelluksina on mahdollistunut
lisääntyneen laskentakapasiteetin myötä. Tässä diplomityössä kuvataan em. kaltaisen
ohjelmistopohjaisen äänisyntetisaattorin suunnittelu- ja toteutusprosessi, jonka pääta-
voitteena oli useista eri perussynteesitekniikoista koostuvan synteesiarkkitehtuurin kehit-
täminen.
Työssä läpikäydään lukuisia äänisynteesi-, muokkaus- ja modulaatiotekniikoita, minkä
jälkeen tarkastellaan joitakin jo olemassaolevia laitteisto- ja ohjelmistopohjaisia järjestel-
miä. Toteutettavan sovelluksen vaatimusmäärittelyyn ja tätä seuraavaan järjestelmä-
arkkitehtuurin suunnitteluvaiheeseen sovellettiin yleiskäyttöistä oliopohjaista suunnittelu-
metodiikkaa. Varsinainen toteutusvaihe pilkottiin sovelluskehyksen ja sen varaan raken-
netun laajennusosion kesken. Työn tulosten arviointiin käytetään ääni- ja lähdekoodi-
analyysia.
Työssä kehitetty kokoava synteesiarkkitehtuurirakenne osoittautui intuitiiviseksi ja toteu-
tuskelpoiseksi ratkaisuksi. Käytetty suunnittelumetodiikka soveltui hyvin äänisynteesi-
järjestelmien suunnitteluun, mutta sitä pidettiin liian työläänä menetelmänä lähinnä
ylläpitovaatimusten vuoksi. Toteutusvaiheessa hyvin tehdystä suunnittelusta oli luonnol-
lisesti hyötyä, vaikkakin käyttöliittymäkoodin suhteellisen suuri määrä aiheutti
analyysivaiheessa yllätyksen. Syntetisaattorin tuottaman äänimateriaalin monipuolisuus
oli positiivinen havainto, minkä lisäksi äänen laatu osoittautui vertailukelpoiseksi, ellei
jopa parempitasoiseksi kuin vastaavissa kaupallisissa sovelluksissa.
Avainsanat: musiikkiakustiikka, ohjelmistokehys, oliopohjainen suunnittelu, ääniefektit,
äänisynteesi

	

  	 
 		   	    
 

 
	



	 			
		
	
	
			

		
			
 	 !	"				
#	

	
$    	 
   %  	   	
 &  	 

	
				# 
 	
	"		 			
"	%'()**+
&,	
Table of Contents
1 INTRODUCTION 1
1.1 OBJECTIVES..................................................................................................................................1
1.2 SCOPE...........................................................................................................................................2
1.3 STRUCTURE OF THE THESIS ..........................................................................................................2
2 SOUND SYNTHESIS CONCEPTS 4
2.1 SYNTHESIS TECHNIQUES ..............................................................................................................4
2.1.1 Additive Synthesis............................................................................................................4
2.1.2 Subtractive Synthesis .......................................................................................................6
2.1.3 Modulation Techniques....................................................................................................7
2.1.4 Waveshaping ..................................................................................................................10
2.1.5 Karplus-Strong (KS) Algorithm .....................................................................................13
2.1.6 Wavetable Synthesis.......................................................................................................14
2.1.7 Synergy of Synthesis Methods .......................................................................................15
2.2 EFFECTS .....................................................................................................................................16
2.2.1 Time-based Ambience Effects .......................................................................................17
2.2.2 Modulation Effects .........................................................................................................17
2.2.3 Filters..............................................................................................................................18
2.2.4 Dynamics and Gain Control ...........................................................................................18
2.2.5 Stereo and Panning.........................................................................................................19
2.3 CONTROL SIGNALS .....................................................................................................................19
2.3.1 Internal Modulation........................................................................................................19
2.3.1.1 Envelope Generators (EGs) ..............................................................................19
2.3.1.2 Low Frequency Oscillators (LFOs)...................................................................20
2.3.1.3 More Exotic Modulators ..................................................................................20
2.3.2 Performance Control ......................................................................................................20
2.3.3 Modulation Matrix .........................................................................................................21
3 SOUND SYNTHESIS IN PRACTICE 23
3.1 MIXING AUDIO AND CONTROL SIGNALS ....................................................................................23
3.2 HARDWARE IMPLEMENTATIONS .................................................................................................24
3.3 SOFTWARE-BASED APPROACH ...................................................................................................25
3.3.1 Synthesis Languages ......................................................................................................25
3.3.2 Virtual Desktop Studio...................................................................................................26
3.3.3 Plugin Architectures .......................................................................................................26
3.3.4 Internal Structure of Plugins...........................................................................................27
3.3.4.1 Audio Processing..............................................................................................28
3.3.4.2 MIDI Event Processing .....................................................................................29
3.3.4.3 Parameter Handling.........................................................................................30
3.3.5 Example Plugin Instrument ............................................................................................31
4 REQUIREMENTS SPECIFICATION 32
4.1 GENERAL DESCRIPTION..............................................................................................................32
4.2 SYSTEM CONTEXT ......................................................................................................................33
4.3 USE CASES .................................................................................................................................34
4.4 CONCEPTUAL OBJECT MODEL....................................................................................................35
4.4.1 Conceptual Class Model.................................................................................................35

4.4.2 Dynamic Model..............................................................................................................37
4.5 SYNTHESIS ARCHITECTURE AND PARAMETERS ..........................................................................37
4.5.1 Source Section................................................................................................................37
4.5.1.1 Particle.............................................................................................................39
4.5.1.2 Modifier Block (MFX) .......................................................................................42
4.5.2 Line Mixer Section.........................................................................................................43
4.5.3 Master Mixer Section .....................................................................................................44
4.5.4 Modulation Section ........................................................................................................44
4.5.4.1 Sources .............................................................................................................45
4.5.4.2 Destinations......................................................................................................45
4.5.4.3 Modulation Matrix ...........................................................................................46
4.6 SPECIFIC REQUIREMENTS ...........................................................................................................46
4.6.1 Communication Interface Requirements ........................................................................46
4.6.1.1 MIDI ..................................................................................................................47
4.6.1.2 ASIO ..................................................................................................................47
4.6.2 Software Interface Requirements ...................................................................................48
4.6.2.1 VST2 Host .........................................................................................................48
4.6.2.2 Files..................................................................................................................48
4.6.2.3 Registry ............................................................................................................51
4.6.3 Man Machine Interface (MMI) .......................................................................................51
4.6.4 Performance Requirements ............................................................................................52
4.6.5 Hardware Interface Requirements ..................................................................................53
4.6.6 Testing Requirements.....................................................................................................53
4.6.7 Portability Requirements ................................................................................................53
4.6.8 Safety Requirements.......................................................................................................54
5 ARCHITECTURAL DESIGN 55
5.1 SYSTEM CONTEXT ......................................................................................................................55
5.2 SYSTEM DESIGN .........................................................................................................................56
5.2.1 Subsystem Decomposition .............................................................................................57
5.2.2 Subsystem Responsibilities and Interfaces.....................................................................58
5.2.3 Interaction Diagrams ......................................................................................................58
5.2.4 Subsystem Division, Referral and Concurrency.............................................................59
5.3 COMMON DESIGN ISSUES ...........................................................................................................60
5.3.1 Handling of Boundary Conditions..................................................................................60
5.3.1.1 Initialization .....................................................................................................60
5.3.1.2 Termination ......................................................................................................60
5.3.1.3 Failure..............................................................................................................60
5.3.1.4 Mode-specific Behaviour and Mode Changes..................................................61
5.3.2 Implementation and Testing Environment .....................................................................61
5.3.3 Extended Design ............................................................................................................61
5.4 DETAILED SUBSYSTEM DESCRIPTIONS .......................................................................................62
5.4.1 Core ................................................................................................................................62
5.4.2 Event Handling (EH) ......................................................................................................62
5.4.3 DSP .................................................................................................................................63
5.4.4 Parameters and Patch......................................................................................................65
5.4.5 MMI ................................................................................................................................66
5.4.6 Files ................................................................................................................................67
5.4.7 Settings and Utilities ......................................................................................................68
6 IMPLEMENTATION 69
6.1 CORE ..........................................................................................................................................69
6.2 EVENT HANDLING ......................................................................................................................69
6.2.1 MIDI Input Stream Processing ........................................................................................69
6.2.2 MIDI Processing at Audio Rate.......................................................................................71
6.2.3 Time Slicing Algorithm..................................................................................................72
6.3 DSP.............................................................................................................................................73
6.3.1 Oscillators.......................................................................................................................73
6.3.2 Modifiers ........................................................................................................................76
6.3.3 Containers.......................................................................................................................78

6.3.4 Control Rate Modulation................................................................................................78
6.3.5 Audio Rate Modulation ..................................................................................................80
6.4 MMI............................................................................................................................................81
6.5 PARAMETERS, PATCHES AND FILES............................................................................................82
6.6 SETTINGS AND UTILITIES............................................................................................................83
7 EVALUATION OF RESULTS 85
7.1 SOUND ANALYSIS.......................................................................................................................85
7.1.1 Sawtooth Waveforms .....................................................................................................85
7.1.2 FM-style Electric Piano ..................................................................................................87
7.2 PERFORMANCE MEASUREMENTS................................................................................................89
7.3 SOURCE CODE ANALYSIS ...........................................................................................................90
8 CONCLUSIONS AND FURTHER WORK 91
8.1 CONCLUSIONS ............................................................................................................................91
8.2 FURTHER WORK .........................................................................................................................92
9 REFERENCES 93
10 APPENDIX A -- PARAMETERS 97


%-.-% %		-.-	%	/	0
%-12 %.- .1.2
%3 %3		
% %		
%23 %	23		
%14 %	14
%15 %	15
%6 %	6
!$ !$
!2$ !2$
46 4	6
423 4		23		
-% -%			
-4% - 4		%
-4$ - 4		$
-45 - 4		5	
-4 - 4		

-77 - 77 
-1$ -1	$	
-1 -1	.		
-8 -8
9: 9	:	
9; 9<=
98" 9#	
$2 $2	
$3 $< 3		
$6 $		6
$ 
$
-$" -$	"		
2 2	
5 .5
7%> 7	%>	
7$5 7	$< 5	
7$ 7	$
3- 3-
339 339#	
33 33

31 3?1		
51 51 
514 5	
4 	4	
43 4	3		
- 
-		
23 23		
#
2: 2	:	
1-, 1	-	,
1>2 1	>	2	
1"7 1"7 
119 11?	??9#	
64 64
637 63	7
4% 	4		%
4$ 	4		$
1" 1	"
		 
852 9#	
#
 			
 #
	
 	
	
 			
 	 		
 < /
=0			
 < 
	
 < 			
	 

	
 	
 		#
	 !		

 	 		
 			

 
 


	=
 	/# 0
   	
 
	
	
 	
 
	 4
 
	 		

	
 
	
 	
 # 		
 		#
 

 < /	0< 
	
 
			
 
		

(Chapter
1 Introduction
1.1 Objectives
  	 	 
  
 	    
 
  	 
 
= 	
	 	9  

	
			
		=			 
=	
	

		
	 	

	
 	  
 
	 	   	     	
	 
		/	 @ 0"

	
	
<	
	
	 

<
	



<
				
	
	  
  	 	  
	    
	 	 	
		
				


		
<
	
	
	A
3	 
=		 
# 

		
 		
	
	%?	
 

		

					



 
 	
 	 
		=
	
=%	 		 





		
					
 
 		 "
  	    	
 	

	
		 $
	
 	
	
?	 
=
	 
 
/	#	0
				#
	/	
0  
=  	 	 	
 	 
	 %
< 	
		
?	
	"
		 

	 	
					%			
 !"##!$%&$ 0

  		  	 	  	    
 	 	   

		1
			#			
			B
C	
			
 
	<	
	<	

			 					% 	?	
< 

			 = 
	
	
5		
	


	 
		  
	 	
/0	 
	
	# 	 
	# 

1.2 Scope
"


	
		 
"
		
  
        	 	
	 %	
					

	 	   	     	   
 
 	   

 1	 	 
   	
   
 	 	 

	

1 
= 	 =  
 	 
	     	
		 		 	/ 	0
 
 	     	# "
 		  
 	 	

	

		
	
<
<= 	
	
% 			
	 	  
=  	 
					<	

	




 			 	 	 		?
	   	 -     
 637
					4DD
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2.1 Synthesis Techniques
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2.1.1 Additive Synthesis
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2.1.3 Modulation Techniques
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2.1.5 Karplus-Strong (KS) Algorithm
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2.1.6 Wavetable Synthesis
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1
 These days, microprocessor cache handling scheme might result in a situation where shuffling a large
wavetable between main memory and cache becomes the bottleneck, and simple calculations may
actually be carried out faster than table accesses. In general however, it can be assumed that wavetable
accesses are more efficient than brute calculations.
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2.2.1 Time-based Ambience Effects
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2.2.3 Filters
! 
=/$7$!$!2$0 	)()
#$%       

 
 
	  <   
 			   9

  


		 	  < 	 
  	 
  "$% 	
		< 	


< 			
 
	 	

	
< 

		9; 	
	

	

2.2.4 Dynamics and Gain Control
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2.2.5 Stereo and Panning
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2.3 Control Signals
2.3.1 Internal Modulation
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2.3.1.1 Envelope Generators (EGs)
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2.3.1.2 Low Frequency Oscillators (LFOs)
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2.3.1.3 More Exotic Modulators
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2.3.2 Performance Control
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2.3.3 Modulation Matrix
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3 Sound Synthesis in Practice
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3.1 Mixing Audio and Control Signals
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3.2 Hardware Implementations
-
 
=	
 	#

	=	  

<
			
				#   

	
	

 
 #
	
		

  	 	 	  
 
	/

#		09		
	
						 		
$
	
			 	
 #
 !:##$&%) ! 02
"


?			2	E
,	J)IK?J'(K

 	
			
		

  ? 
  	 "
 #	 		 
 	 		 
  	  		  
 
<
3		 9:     # %-12 	  	
		#	 ,	
		
				
			
 

			 
	  
	 	
	


		 	
	
	

530:'"/40300
,6014.0.
,-00-20#5024,,.4
'D0,,0
.
 7/050, .
  G 42 0.
0 ,0 A,,%0 /,.
 !0300 
.,.3
0343B'
	$% &' ()
!! 0 ? 0
(!E! 0 ? 0
% ( ! / A A
%! / ? 0
! /.F@?G0BH0G/I%J /0F.H?I%J ;F.H0I%J
! 2F@/G/BH0G/ ?F/H? ?F0H0
! . 2F0G. =F2G.
H$*$ 0? ;0G "! ;1G "!
3.3 Software-based Approach
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3.3.1 Synthesis Languages
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3.3.4 Internal Structure of Plugins
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3.3.4.1 Audio Processing
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 This limitation means that standalone patch editors or hardware programmers cannot be used in
conjunction with virtual instruments. This is a pity especially when emulating a particular hardware
synthesizer, considering the variety of such tools already available. It is possible to overcome the
limitation by using files for data transfer, but obviously then one loses the ability to manipulate parameter
data in realtime.
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3.3.4.3 Parameter Handling
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3.3.5 Example Plugin Instrument
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4 Requirements Specification
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4.1 General Description
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4.2 System Context
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4.3 Use Cases
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4.4 Conceptual Object Model
4.4.1 Conceptual Class Model
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4.4.2 Dynamic Model
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4.5 Synthesis Architecture and Parameters
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4.5.4.3 Modulation Matrix
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4.6 Specific Requirements
4.6.1 Communication Interface Requirements
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4.6.2 Software Interface Requirements
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 This is the loop segment where playback repeats itself when envelope is in its sustaining stage. Some
hardware samplers have also separate release loop segment, but this is not a very commonplace feature.
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4.6.3 Man Machine Interface (MMI)
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4.6.5 Hardware Interface Requirements
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4.6.6 Testing Requirements
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4.6.7 Portability Requirements
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4.6.8  Safety Requirements
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5.2.1 Subsystem Decomposition
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5.2.2 Subsystem Responsibilities and Interfaces
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5.2.4 Subsystem Division, Referral and Concurrency
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5.3.1 Handling of Boundary Conditions
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5.3.1.4 Mode-specific Behaviour and Mode Changes
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5.4 Detailed Subsystem Descriptions
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 In PM current sample is read from a lookup table before modulation is applied to the lookup index,
while in FM the lookup index is updated prior fetching. 	
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6.6 Settings and Utilities
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Appendix
10 Appendix A -- Parameters
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